Abstract-General framework for collision avoidance of mobile agents in multi-agent environments will be suggested. Because the control of multi-agent system is a high abstraction control problem, we can think of it as a supervisory control problem. Actions of agents in entrance or exit from a partition of space will be considered as a discrete event. Our framework will suggest a Petri net supervisor model of the problem. We will prove that this general modeling framework will provide a live, bounded and reversible Petri net model for problem. Also acquiring the PN model of the system is so easier and less sensitive to environmental changes like adding a new partition. It is also more similar to our thinking of the problem. In special problems that can be mapped to the problem of mobility of multi-agent system, we can use this framework and ensure that our model is well-formed model. As we use a parametric approach, it can also be applied to large scale systems.
I. INTRODUCTION
UTONOMOUS robotic agents are used in complex environments for active investigation. An important issue in these applications is controlling the movement of robots. Some papers use the Supervisory control theory to provide a suitable framework to control the state changes in an MA system.
Automatic control of a device contains so many difference and differential equations in low level of abstraction. But if go up to higher levels of abstraction, there are events instead of signals. Control in these abstract levels contains control of their events in such a way that undesirable phenomenon such as deadlock, collision etc. doesn't occur. In other words, we have a control over controllers of lower levels that is called supervisor.
We can think of multi-agent control as an abstract, high level control problem which is far from the hardware control problems in each agent. Different problems are addressed in domain of multi-agent systems. Some of these problems are: coverage control of multi-agent systems [1] , task planning and assignment of actions to agents [2] and collision avoidance problem [3, 4] . This paper will address the last problem in MAS; the collision avoidance problem. Agents in this problem have mobility property. This is a general problem which has it applications in many industrial domains such as mobile sensor networks [4] , automatic maintenance of a reliable system with repairman robots [5] , collision avoidance of mobile agents in an autonomous manufacturing cell [6] , unmanned vehicles [7] , marine control [8] , etc.
Some papers like [3] address this problem as preserving a minimum distance between agents all the time. Some like [8] address this problem as a path planning to avoid dynamic and stationary obstacles. Others like [4] address this problem as a capacity control of parts of environment. Selecting each of these approaches is related to the problem. This paper uses the second approach in the collision avoidance problem.
We relax the collision avoidance problem of multi-agent systems to the capacity preserving problem and define it as follows:
"Having a connected space of tiles or rooms, how it must be covered by agents so that number of robots in a room satisfies the capacity constraints of rooms all over the times."
For example [4] uses mobile sensors for automatic configuration and maintenance of a wireless sensor network system. Mobile sensors will move through different rooms connected to each other. Each room has a capacity constraint on number of mobile sensors exist in there. Given these capacities, connectivity between rooms, and number of robots, propose an algorithm so that unsafe entrance of robots won't occur. This is a kind of dynamic constraint satisfaction problem. Different approaches for solving this problem are addressed.
In this paper a general architecture for an automatic supervisor of mobile multi-agent system is proposed. This is independent of the problem which will be modeled. Because of compactness of Petri nets, we will use Petri net supervisors.
In multi agent system, regardless of low level vision about the control of each agent, a supervisor must be involved so that overlapping of agent's tasks or collision of mobile agents doesn't occur. Because of level of abstraction of this control scenario, supervisor is essential; howbeit it can be in different levels of automation. It can be fully replaced by a human operator that orders the agents in system non-automatically (Fig. 1) or human operators use semiautonomous agents (Fig.  2) . In later case, erroneous commands of the human operator, that have a significant influence on system, are filtered. So the overall reliability of the system will improve. This systems use a command filter on human commands to filter the erroneous command received from human operator.
[9] Proposes a framework for command filter which accepts/ rejects the commands received by human operator to prevent the occurrence of undesirable events or executions. In this framework Petri nets are used to both model the operated behaviors and synthesize the command filters for supervision.
In a higher level of autonomy, some systems design a supervisor to disable those actions of an agent that are in contrast to group goals or with action of other agents (Fig. 3) .
Autonomous agent systems have the advantages of selfconfiguration, scalability, optimal performance, time saving, and economic efficiency In [10] , Low describes a distributed layered architecture for resource-constrained multi-robot cooperation. It uses concepts of ant behavior to self-regulate the distributions of robots in a non-stationary environment. In the upper layer, a dynamic task allocation scheme self-organizes the robot coalitions to track efficiently across regions. The two layers employ selforganization techniques, which exhibit autonomic properties such as self-configuring, self-protecting, and self-healing.
In 2010 [4] , continued Low work and proposed a command filtering framework to accept or reject the human-issued commands so that undesirable executions are never performed. He also used Petri nets to model the operated behaviors and to synthesize the command filters for supervision.
Rest of this paper is organized as follow: In section 2, will give a brief introduction to Petri net. Section 3 will speak about supervisory control, supervisory control theory (SCT) and using Petri net in SCT. General architecture will be proposed in section 4. In section 5, an example will be presented to illustrate the idea. Finally the conclusion is mentioned in section 6. Fig. 3 Automatic supervision of a dynamic multi-agent system II. PETRI NET Petri net is a high level graphical and mathematical tool which can be used for both modeling and verification of a DEDS. Basically, PN is a bipartite graph consisting of two types of nodes; places and transitions denoting states and events in the DES.
A Petri net is a 5-tuple [11] , PN = (P, T, F, W, M 0 ) where: P = {p 1 , p 2 , …, p m } is a finite set of places (conditions), T = {t 1 , t 2 , …,t n } is a finite set of transitions (actions), Where P ∩ T = Ø and P  T ≠ Ø.
F  (P × T)  (T × P) is a set of arcs (flow relation), W: F →{1, 2, 3,…} is a weight function, M 0 : P →{1, 2, 3, … }is the initial marking, Pre-set of a set (S) is  S= {x| ∃ s∈ S, (x,s) ∈ F}. post-set of S is S  = = {x| ∃ s∈ S, (s,x) ∈ F}.
State of system is expressed as its marking and can change according to the transition rules: 1) A transition(e.g. tj) is enabled if:
2) An enabled transition can occur.
3) Occurrence of a transition will result in change of PN marking from marking m k to marking m k+1 m k+1 = m k + C.v (3) Where In PN with m places and n transitions, C is n×m incidence matrix C whose elements are:
C ij = w (t j , p i ) -w (t i , p j ) (4) And v is a transition vector which all of its elements are 0 except for the transition that fires. The incidence matrix allows an algebraic description of the evolution of the marking of PN.
P_Invariant of a net N is a rational-valued solution of the equation X.N= 0.
Siphon A petri net that is live and bounded is called a well-formed petri net.
Reversibility: A net (N,M0) is reversible if and only if ∃M∈R(M0) , M0∈R(M).
A
net (N, M0) has home state M if and only if M∈R(M0)and ∃M'∈R(M) , M∈R(M').
Theorem 3: A connected graph has home state if it is live and bounded.
III. SUPERVISORY CONTROL
We can think of a multi-agent system as a DES, because the progress of system and change of its states are driven by occurrences of individual events corresponding to the actions of agents.
Supervisors are used to control the qualitative behavior of a discrete-event system. They restrict the behavior of the system to the desired behavior by dynamically disallowing some of controllable events [12] . Figure 4 will bring the architecture of a supervisory control system. Supervisory control theory (SCT) provides a suitable framework for synthesizing DES. Primarily, SCT was studied by Ramadge and Wonham in automaton based models [12] but soon an increasing interest was given to Petri net based models [13] . Fig. 4 Architecture of a supervisory control system In the case of Petri net, undesired behaviors of system can be expressed as states in Petri net that are unwanted to occur, called forbidden states. If these states are not related to each other, called arbitrary forbidden state, they can be controlled by reachability analysis of PN [14] . Applying these methods is hard when the reachability graph and state set of system are infinite. Although it is not applicable if the constraints are related to each other.
If the sets of forbidden states can be described in a linear equation, the problem of restricting the behavior, called generalized mutual exclusion problem, can be solved by Place-invariant analysis of PN model and finally by solving a LP equation, the initial marking and incidence matrix of the supervisor is like: 
IV. ARCHITECTURE
In this section we present a general framework about mobility of agents in a multi-agent environment. This framework is independent of the problem and application which is applied to. It has a general approach to all problems. Simply put parameters on that particular issue in this framework.
Advantage of this generality is that it can be applied to different problems with different space complexities. Also this framework is in the same way as we think to mobility problem. So it simplifies the design and analysis of this problem in applications.
Five general rules that must be applied to the model include:
1-Every partition or room in the space of problem is modeled as places of PN. 2,3-Connectivity of partitions is shown by two arcs; One from the first partition to a transition, and another from this transition to the second partition. This transition which is between two connected places, models the entrance (or exit) of agent from (to) a place to (from) another. 4-There is a color for each of agents in the environment.
Presence of an agent in a room is shown by a token with the color that corresponds to the agent. 5-Knowing the capacity constraint of each room, we have a control place for room to supervise the entrance and exit in that room. According to the eq. 5 the initial marking of this control place must be equal to the capacity of that room, if there is no robot in corresponding room in initial state. It will be difference of capacity of room and number of its robots, otherwise. In every entrance event to a room, one of its uncolored tokens is consumed. Also as a robot exits that room, a token is produced in the corresponding control place.
It can be seen in part 5 as an example that this general framework will ease the modeling of mobility problem in every problem that can be seen as mobility of agents in a multi-agent system. It is just because of a view change in the problem! In most papers this problem is seen as a problem related to agents. But we see it as a problem related to rooms. So we have sensors in rooms.
We will prove that all nets modeled by these five rules are live, bounded and eversible, so are well-behaved net; if the following condition are satisfied in the environment: 1-Space is connected. There is a path from each room to the others. 2-Number of robots in a room doesn't exceed the capacity constraint of that room in initial state. Lemma1: every net modeled by the framework is bounded. Proof: Let us see events of system which correspond to the entrance or exit of robots. If a robot goes from r i to rj, transition that connect these two rooms according to rule 3 will be fired. Token with color of robot will be removed from r i and will be produced in r j . Because the model is connected (space is connected and its architecture is reflexed in net by rules 1, 2. About control places also we have a close loop), we can say that total number of tokens in non-controlling places is equal to total number of robots so non-controlling places are bounded. According to the rule 5, we know that sum of number of robots in a finite capacitance room and its control place is equal to the capacity of room. So the control places are also bounded. Positive S-invariant of the system is as follow:
Lemma 2: every net modeled by the framework is live. Proof: The net model doesn't have any siphon (so does not have minimal siphons that can be unmarked) so it is live. Lemma 3: every net modeled by the framework has home state. Proof: according to theorem 3 and because of connectedness, liveness and boundedness of net it has home state.
V. EXAMPLE
To illustrate the framework and its five rules, we bring an example. Example that is in [4] is a very easy model of connectivity of space. All the rooms in that example are connected to a hall. So the solution will be easy, although it is very restricted. Because of the power of our framework which can be applied to complex connected space, we use a general example where connectivity of rooms is not in the form of many-to-one. This example is about repairman robots. The space and rooms are shown in figure 5 . The example consists of 8 rooms. Devices and 5 robots which repair them are scattered in the rooms. Rooms can be reached from any other rooms connected to. The goal is avoiding collision of robots in rooms in the form of not exceeding the capacity of rooms. Initially all robots are in room 8. There are six constraints:
 The capacity of rooms1and 2is just one robot  The capacity of rooms4,5,6 and 7is only two robots. In [4] , the PN model of system is based on the environment and agents. But develop model of rooms. the PN model is shown in figure 6 . We use CPN-tool to design the model and verify its well-formedness.
Places, transitions, tokens are according to the five rules presented in section 4. We have capacity constraint in 6 rooms, so we have control place for each of them. State change of system is related to the repairman robots' exchanging their room. In this paper, we suggest a general framework for collision avoidance of mobile agents in multi-agent environments. We use the capacity preservation of partitions for this problem -like [4] and [10] -but get an approach different from one proposed in these papers. We get view of restriction in rooms instead of restriction in motion of robots. So acquiring the PN model of the system is so easier and less sensitive to environmental changes like adding a new partition. It is also more similar to our thinking of the problem. We provide a proof that models that follow this general framework have the well-formedness property of Petri nets, containing liveness and boundedness. So if we can map our special problem in area such as repairman robot or marine control, etc. to a problem of mobility of multi-agent system, we can use this framework and ensure that our model is live, bounded and reversible.
